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a  b  s  t r  a  c t
In  order  to  enhance  our research  work  on  the impact  of climate change  on  bodies  of  water, it  is  neces-
sary  to establish coupled hydrodynamic  and  ecosystem  models that  take  into account  simulated  data
of  climate models. We  assume  that  the coupled  hydrodynamic  models, along with the  regional  climate
models,  can  serve  to  gain further knowledge  on the future  climatic  impact upon  lake  ecosystems. For
this  purpose  we  use the  one-dimensional  hydrodynamic  model  DYRESM and the regional  climate model
REMO  and  apply  them  to the  pre-Alpine, 83-m deep, currently dimictic  Lake Ammersee. The  objectives
of  this  study  are to calibrate  and validate  the  model  DYRESM in order to simulate  the  vertical thermal
distribution in  Lake  Ammersee and  to prepare bias-corrected  meteorological data  from the model REMO
(IPCC  A1B  scenario)  to  establish a  first  hydrodynamic simulation run  for the  period  2040–2050.  The  IPCC
A1B  emission  scenario,  which  assumes  a  balanced  use  of  all  available  energy  sources in  the  world, pre-
dicts  the global  mean temperature  to  increase by  about  3  K from  1990  to  the year  2100.  To  calibrate
and  validate the model DYRESM  carefully,  we used  date  from 2004–2007  and  1993–1999.  When  com-
paring  simulated  and measured  water temperatures regarding  the calibration period,  we  observed  small
mean  absolute  errors  (0.96–1.61  K) and  root mean square  errors  (1.42–1.96 K), as  well as  high coefficients
of  determination  (0.71–0.96)  at all depths. We  conclude  that the  hydrodynamic  model can  be used to
identify  potential drawbacks  of climate change  (e.g. extended duration of stratification,  higher  thermal
stability, lack  of mixing) on the  lake  ecosystem by higher  water temperatures. In addition this modelling
provides the  basis for  coupled aquatic  ecological models.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Various studies have demonstrated that  climate change has
a strong impact on water temperatures (Edinger et al., 1968;
Quayle et al., 2002; Leon et al., 2005; Thompson et al., 2005;
Coats et al., 2006; Dokulil et al., 2006; Salmaso et al., 2007;
Schneider et al., 2009; Schneider and Hook, 2010) and lake
ecosystems (Verburg and Hecky, 2009; Guilizzoni et al., 2012).
Thereby biological variables also depend on water temperatures.
For example, Wagner and Adrian (2008) explained that shifts
in the climate regime of lakes caused substantial trophic- and
species-dependent changes within ecosystems. Lakes play a role
as sentinels, integrators and regulators of the climate change
(Danis et al., 2004; Schindler, 2009; Williamson et al.,  2009a). In
addition, the regional influence of humans by land-use activities
should be considered (Alvarez Cobelas, 2007; Williamson et al.,
2008), because the impact of climate change on the ecosystem
∗ Corresponding author. Tel.: +49 089  2180  6666; fax:  +49 089 2180 6667.
E-mail addresses: s.weinberger@geographie.uni-muenchen.de (S. Weinberger),
mark.vetter@lmu.de (M.  Vetter).
of lakes is  often superposed by impacts due to anthropogenic
activity in  the  catchment area (Vetter and Sousa, 2012). Several
information gaps exist in modelling impacts on  aquatic ecosys-
tems (MacKay et al.,  2009). Often insufficient observational data
is  available, and a general need exists to improve our knowledge of
climate change impacts on hydrology and lake ecosystems. Studies
using data and information from regional climate models as  input
for aquatic ecosystem models are almost entirely non-existent
(Bates et al., 2008).
In general modelling the thermal structure and heat content of
lakes is  becoming more important for ecological lake models in
order to account for the effects of climate change. Therefore, for
further investigation of these future climate change effects, it is
advisable to use well-calibrated and validated hydrodynamic and
ecosystem models  that take into  account the aforementioned data
from existing regional climate models, e.g. REMO (Jacob et al., 2007,
2008) on the basis of different IPCC emission scenarios (Nakic´enovic´
et al., 2000; Solomon et al., 2007).  These climate models are  the
only available tool  to satisfactorily estimate different future rates of
climate change (Samuelsson, 2010),  and the  hydrodynamic models
are able to  simulate future water quality accounting for a  changing
climate (Perroud et al., 2009).
0304-3800/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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In this study, we want to  show that the one-dimensional
hydrodynamic model DYRESM (Imberger and Patterson, 1981;
Imerito, 2007),  which was established successfully in  different
investigation areas around the  world (Han et al., 2000; Gal
et al., 2003; Romero et al.,  2004; Trolle et al.,  2008; Perroud
et al., 2009; Rinke et al.,  2010),  is  suitable to investigate the
supposed climate change impacts on Lake Ammersee. It was
essential to carefully calibrate and validate this hydrodynamic
model.
So far Lake Ammersee, which is representative of all dimictic
lakes affected by anthropogenic and climate impacts in the North-
ern Foothills of the Alps, is  known to have undergone a recent
re-oligotrophication (Ernst et al., 2009), but whether this trend
will continue under climate change conditions is not clear (Vetter
and Sousa, 2012).  In  general different estimations of specific out-
comes exist that climate change could cause. For example, Danis
et al. (2004) expected Lake Ammersee to undergo a dramatic and
persistent lack of  mixing starting around the year 2020. The result-
ing lack of oxygenation would irreversibly destroy the deepwater
fauna. Because of these risks, it is  important to  check prior esti-
mations using new modelling approaches to investigate the lake’s
ecological future.
The objectives of this study were (1) to  carefully calibrate and
validate the one-dimensional model DYRESM in order to  simu-
late the vertical thermal distribution in  Lake Ammersee and (2)
to prepare meteorological data from the regional climate model
REMO as input data for the hydrodynamic model. After these tasks
were accomplished, DYRESM was then suitable (3)  to carry out
first simulation results regarding the  vertical thermal distribu-
tion in Lake Ammersee for 2041–2050, using the abovementioned
REMO data on the basis of the IPCC emission scenario A1B. Finally,
for further investigation, we use this study to elucidate addi-
tional prospective physical changes (e.g. stratification and mixing
changes) in the lake and to couple the hydrodynamic model
with an aquatic ecological model to support future water qual-
ity management (Hakanson et al., 2003; Rinke et al., 2010). Such
a comprehensive calibration and validation of  a hydrodynamic
model has not been achieved in  any other lake in the southeast of
Germany.
2. Material and methods
2.1. Study area
As our study area, we selected the pre-Alpine, 83-m deep, cur-
rently dimictic Lake Ammersee, which is  located 30 km south west
of Munich and shown in  Fig. 1. This lake was chosen because, in  our
opinion, it is representative of many other lakes in the  northern
foothills of the Alps based on their similarities in geogenic, cli-
mate geographic and limnologic characteristics. With an expanse
of 46.6 km2 and a water volume of 1.75e +  009 m3,  Lake Ammersee
is the third largest lake in Bavaria and has a glacial morpho-
logic origin. The lake has one basic tributary called the Ammer,
three smaller inflows called the Windach, Rott and Kienbach, and
one main outflow called the Amper. Lake Ammersee is close to
the Munich metropolitan area and is  very important for regional
tourism and fisheries. Naturally, the trophic conditions of  the
lake would be oligotrophic, but due  to  intensive land use in  the
catchment area starting around the  year 1950, the lake became
mesotrophic. On the other hand, in  the last 20  years, after spe-
cial sewerage arrangements, Lake Ammersee has undergone a
re-oligotrophication (Ernst et al.,  2009).  Recent studies of the  lake
are investigating how climate change could influence this trend
(Vetter and Sousa, 2012).
2.2. Model DYRESM
For this study, we used the one-dimensional hydrodynamic
model DYRESM (v4.0.0-b2), which was developed by the  Centre
for Water Research at  the University of Western Australia, to pre-
dict the vertical distribution of temperature, salinity and density in
lakes and reservoirs (Imberger and Patterson, 1981).  It is a process-
based model with  a Lagrangian layer  scheme, which means that
the horizontal layers are  adjusted to stay within user-defined lim-
its (Imberger and Patterson, 1981; Antenucci and Horn, 2002).  The
layer mixing appears when the turbulent kinetic energy in the  top-
most horizontal layer exceeds a  potential energy threshold. The
kinetic energy is produced by convective overturn, wind stirring
and shearing (Perroud et al., 2009). DYRESM was applied to dif-
ferent study areas, as mentioned in Section 1  and is particularly
suitable for the  simulation of longer periods. In comparison with
other one-dimensional lake models, DYRESM reproduced the vari-
ability of the water temperature profiles and seasonal thermocline
satisfactorily (Perroud et al., 2009). DYRESM can be run either in
isolation for hydrodynamic studies, or coupled to an aquatic eco-
logical model, e.g. CAEDYM, for the investigation of biological and
chemical processes (Imerito, 2007).
2.3. Meteorological model input variables
The meteorological conditions directly affect the thermody-
namic processes of a lake,  e.g.  the  water temperature profile. To
simulate thermal conditions, the hydrodynamic model DYRESM
requires 6  meteorological variables assembled in the meteoro-
logical input file (.met-file). These variables must be available
throughout the whole simulation period and include shortwave
radiation [W(m2)−1],  cloud cover (okta), air temperature (◦C),
vapour pressure (hPa), wind speed at a height of  2  m (m s−1)  and
precipitation (m). To  calibrate and validate the model DYRESM at
Lake Ammersee, the meteorological data was  provided by  the Ger-
man  Weather Service (DWD) and one private station. Data from this
private station was checked for plausibility by a  correlation analysis
using measured data from the DWD  stations, and we confirmed that
it could be  used for our study. For example, the correlation coeffi-
cient for the variable shortwave radiation amounted to 0.76  in July
(lowest) and 0.95 (highest) in May. All meteorological variables are
entered into the model as daily means or daily totals, dependent on
the availability of measured data and in accordance with the anal-
ogous proceeding in other studies with  the model DYRESM. The
input time step  of the hydrodynamic model could be minimised to
10  min. Furthermore, the meteorological input file contains infor-
mation about the  temporal resolution, the calculation method of
the long wave radiation taking into account cloud cover fraction,
sensor type and altitude of the measuring station.
The short wave radiation data for the  calibration of the hydro-
dynamic model was  provided at 5-min intervals by  the private
meteorological station Diessen-Obermühlhausen, which is located
near the waterside of Lake Ammersee. In  our study, we  calcu-
lated a daily mean value of 129 W(m2)−1 for 2004–2007. For the
best results when calibrating the model, we  reduced daily solar
radiation by 15%. A  similar adaptation of radiation data  was imple-
mented by  Gal et al. (2003),  who  reduced the  long wave radiation
at  Lake Kinneret (Israel) by 12.5%. The cloud cover fraction in our
study area  was  observed by eye at the Raisting–Wielenbach DWD
measuring station. These observations are essential for estimating
the long wave radiation from atmospheric conditions, which is
included in the program code of  DYRESM (Imerito, 2007). Values
for air temperature, precipitation and wind speed were provided
by  the same DWD  station at 1-h intervals. To use the  onshore
wind speed data for investigations on the lake, it was  necessary
to  calculate a multiplication factor depending on exposition,
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Fig. 1.  Bathymetry and study area at  Lake  Ammersee southwest of Munich.
distance between the measuring station and the lake, surrounding
vegetation, and regional climatic conditions. For that reason at
the beginning of our calibration runs we determined a wind
multiplication factor of  1.3, which was also used by a  study group
investigating Lake Constance and resulted in the lowest deviations
during their calibration process (Rinke et al.,  2010).  Within the
scope of our calibration of the  hydrodynamic model, we found that,
for Lake Ammersee, a multiplication factor of 1.2 leads to realistic
wind speed values and to the lowest deviation between measured
and simulated water temperatures in  the water column. The
vapour pressure (Ew) was calculated with respect to the air tem-
perature (t)  and humidity correlation at  the  Raisting–Wielenbach
weather station using the  Magnus formula (Zmarsky et al., 2007):
Ew = 6.1 hPa × 107.5t/t+237.2
◦C
2.4. Hydrologic variables and other parameters
The hydrodynamic model DYRESM provides the  opportunity to
account for any number of surface or sub-terrestrial inflows and
outflows. Values of inflow (m3 d−1)  are organised in the model’s
inflow (.inf) and withdrawal (.wdr) files using a daily input time
step. The inflow file also  contains the  daily mean water tem-
peratures (◦C) and salinity values (PSS) of each tributary. Lake
Ammersee has one basic tributary called the Ammer  and the three
smaller inflows called the Windach, the  Rott and the  Kienbach.
From 1975–2007, the averaged inflow volume of the Ammer  River
was 17.01 m3 s−1;  the  Windach was 1.46 m3 s−1;  the Rott was
0.92 m3 s−1;  and the Kienbach was 0.13 m3 s−1. In  our modelling
approach, we added the inflow volumes from the smaller tribu-
taries to the amount from the  Ammer. The outflow river of Lake
Ammersee called the  Amper has a mean runoff of 20.75 m3 s−1
for the  same period (1975–2007). All runoff data was provided by
the Bavarian Environmental Agency. However, the gauging stations
are not able to measure the  entire inflow because it is assumed
that some of the  water reaches the  lake subterraneous (Melzer
et al., 1988).  To compensate for the resulting water deficit and to
ensure a balanced water budget, which is necessary for the  model
to run, we implemented a water balance analysis for 1975–2007
(Baumgartner and Liebscher, 1996).  A detected daily deficit of
20,180 m3was added to each daily inflow value for the Ammer trib-
utary. After this correction, the water level in the  model remained
almost constant over the whole calibration and validation period.
The vertical profile of water temperature and salinity at the
beginning of the simulation is defined by the initial profile file
(.pro), as DYRESM calculates each of the horizontal water layers
separately. The thickness and properties of these horizontal lay-
ers were calculated for each simulation day (Imerito, 2007).  In our
study, we  defined the water temperatures at 16 different depths,
as presented in Table 1, using the height above the lake zero height
elevation. Water temperature and conductivity values were pro-
vided by the Bavarian Environmental Agency and our own project
measuring system on the  lake. The salinity was calculated using the
relation of temperature, density and water pressure in the  water
column (Unesco, 1981).
Specific simulation data is entered into the model with the con-
figuration file (.cfg), which also  contains starting time, duration
and output time step of the model. The smaller the chosen out-
put time step, the  higher the  calculated temporal resolution. To
simulate longer periods, it is advisable to use a daily time step with
respect to the elapsed calculation time of the model. The specific
data of the  configuration file includes the  layer  thickness, the light
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Table 1
Initial DYRESM profile at the beginning of our calibration period  (1 January 2004).
Height (m)  T (◦C)  S (pss)
0 3.8 0.276
2 3.8 0.223
4 3.8 0.223
6  3.8 0.223
8 3.8 0.223
10 3.8 0.223
13  3.8 0.222
16  3.8 0.223
20 3.8 0.222
30 3.8 0.223
40 3.8 0.222
50 3.8 0.222
60 4.2 0.222
70 4.2 0.222
80 4.2 0.222
83.72  4.2 0.222
Table 2
DYRESM configuration file as  used for the calibration period (2004–2007).
Setting Description
2004001 Simulation start day
1439  Simulation length (in days)
.FALSE. Run CAEDYM
1 Output interval (in days)
0.25 Light extinction coefficient (m−1)
0.25 Min  layer thickness (m)
3 Max  layer  thickness (m)
3600 Time steps (s)
3 Number of output selections
Salinity temperature density List of output selections
.FALSE. Activate bubbler
.TRUE. Activate non-neutral atmos. stability
extinction coefficient and the  possibility of activating a non-neutral
atmospheric stability. By adapting the layer thickness, the user can
define the limits of the layers based on the  Lagrangian layer scheme
of the model DYRESM. The light extinction coefficient determines
how the solar radiation is  absorbed by the  lake water and directly
influences the heating of the  epilimnion (Imberger and Patterson,
1981) and the atmospheric stability in  our case describes how a
volume of air above the  lake reacts to a vertical shifting. Table 2
shows the configuration file  with the values used in  our simulation
approach.
Most of the variable parameters are defined in the parame-
ters file (.par) of  DYRESM, which is provided in  Table 3. This file
was accurately adapted to the study area. In the following the
most relevant parameters are mentioned. The bulk aerodynamic
transport coefficient simulates the impact of wind on the water
surface. The mean albedo of water is necessary to calculate the
effective short wave radiation that enters the body of water. Using
Table 3
DYRESM parameters file as used for the calibration period (2004–2007).
Setting Description
1.3E−3 Bulk aerodynamic mmt.  transport coefficient
0.08 Mean albedo of water
0.96 Emissivity of a water surface
3.0 Critical wind speed (m s−1)
64,800 Time of day for output (s  from midnight)
0.02 Bubbler entrainment coefficient
0.083 Buoyant plume entrainment coefficient
0.08 Shear production efficiency
0.2  Potential energy mixing efficiency
0.4 Wind stirring efficiency
1.0E+7 Effective surface area coefficient (m2)
1.4E−5 BBL detrainment diffusivity
200 Vertical mixing coefficient
the emissivity of a water surface, the model estimates long wave
emission and reflection. When the  critical wind speed is exceeded,
the model algorithm of mixing is  activated. The time of day for out-
put includes the date when visualisation data  should be collected,
while the  shear production efficiency has a strong impact on kinetic
energy, which is discharged by the  movement of different water
layers and is  partially used  for mixing. The potential energy mix-
ing efficiency describes the transformation of potential energy to
turbulent kinetic energy and is delivered when the stratification
of the water column becomes unstable due to  vertical convective
movements in a body of water. The wind stirring efficiency indi-
cates the potency of wind in mixing the water and its effect on the
hypolimnetic layers. The benthic boundary layer (BBL) detrainment
diffusivity influences the efficiency of heat conduction in  the ben-
thic zone. All values for the configuration and the  parameter files
are described by  Imberger and Patterson (1981).
The original version of the model DYRESM is not able to proceed
the modelling process when water temperatures decrease below
0 ◦C. Therefore, a simulation at Lake Ammersee with this version
would not be  possible. The Centre for Water Research at the Uni-
versity of Western Australia provided a modified version for the
simulation of pre-Alpine lakes with freezing avoidance, where neg-
ative values of water temperature were set back to 0 ◦C  to allow a
continuous and stable simulation. Although this modification vio-
lates the energy conservation assumption, the introduced error
is  small for large pre-Alpine lakes as  they  rarely freeze and the
cooling-down is  not very intense (Danis et al.,  2004). Moreover,
the effect of freezing avoidance diminishes throughout the  season
when surface temperatures are approaching a value correspond-
ing to the  equilibrium energy exchange between the lake and the
atmosphere.
The geographical position of the lake,  its height above sea level
and the number of inflows and outlets is specified in the morphom-
etry file (.stg). This file also contains the  geometry of the riverbed
and the  important bathymetry information of the lake.
2.5. Field data
For both calibration and validation, including the initial profile
of the hydrodynamic model, it is necessary to use field data. At
Lake Ammersee, a series of water temperature and conductivity
measurements have been collected since  1976, with regular mea-
surements carried out since 1984. These data were collected at the
deepest point of the lake by the Bavarian Environmental Agency.
In  the  epilimnion, the measurements were arranged every 2 m, in
the metalimnion, every 3 m,  and in  the  hypolimnion, every 10  m.
The time step of  data collection varied, but in general, the  measure-
ments were taken at least every month.
2.6. Model calibration and validation
In  our study, calibration of  the model DYRESM was performed
between 2004 and 2007 utilising parameter values provided by the
model developers (Imerito, 2007) and using Rinke et al.  (2010) as a
basis. The calibration was implemented manually by using the root
mean square error minimisation method (Perroud et al., 2009), con-
sidering the simulated and measured water temperatures as key
variables. Our objective was to  rate the sensitivity of different input
parameters, to set the  model for further studies and to understand
the model evaluation process (Edward, 1996).  At Lake Ammersee,
the hydrodynamic model was  calibrated with respect to  the  param-
eters layer  thickness, wind stirring efficiency and light extinction
coefficient, which were changed one by one. The performed cal-
ibration range of each value is included in  Section 3. The model
validation of  Lake Ammersee that took into consideration water
temperatures covered the period 1993–1999 using field data of the
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Bavarian Environmental Agency as described before. The purpose
of the validation process is  a test based on comparison of simulated
data with the observed data, which should be included whenever
possible (Edward, 1996).
Several different statistical methods exist to investigate the
quality of model’s calibration and validation results. In our study,
we compared modelled and observed data by using a regres-
sion analysis and the quality criteria mean absolute error (MAE)
and root mean square error (RMSE) (Legates and McCabe, 1999).
Hence, the calibration and validation results can be easily com-
pared to other model studies and are specified in  Section 3. The
relevant statistical quality criteria were selected due  to their fre-
quent usage in other ecological modelling studies, e.g.  in Chao et al.
(2007),  Trolle et al. (2008), Wang and Xu (2008),  and Perroud et al.
(2009).
2.7. Future simulation
Our primary objective was to ensure that the model DYRESM
at Lake Ammersee was suitable to  estimate future trends in
the development of the  lake’s thermal characteristics, which
have a significant influence on future ecological conditions
(Adrian et al., 2009; Williamson et al., 2009b; George, 2010).
From these trends, further limno-physical parameters can be
deduced for the future, e.g.  Schmidt-stability, the position of the
metalimnion, and the occurrence of circulation and stagnation
events, as well as the corresponding stagnation and circulation
periods.
We  implemented a future simulation on the basis of  the IPCC
A1B emission scenario for the  period 2041–2050. The A1B emission
scenario was selected due to the  fact  that it  assumes a balanced use
of all available energy sources (Nakic´enovic´ et al.,  2000; Solomon
et al., 2007). The climate change conditions in the future are derived
from the regional climate model REMO (Jacob et al.,  2007, 2008),
which was selected because of  the suitable cell size in  the area
of study. It performs calculations for cells  of 10 km  × 10 km.  For
the cell of the study area, the REMO simulation provides parame-
ters including short-wave radiation, air temperature, precipitation,
wind speed, vapour pressure, total cloud cover and relative humid-
ity, which are all values that have strong influence on the heat
budget of a  lake. The long-wave radiation for the simulation is
estimated from atmospheric conditions using cloud cover fraction
(Imerito, 2007).
When using the REMO data, it is necessary to implement a
BIAS-correction. This was realised by  comparing previously mea-
sured meteorological data from the  study area  (period 1990–2006)
with the data simulated by the regional climate model (period
2001–2017). Based on these comparisons, statistical relationships
for every month can be discovered that are relevant for the correc-
tion of calculated future climatic conditions. For  example, when
correcting the air temperature values derived from the  REMO
model, an absolute correction value was adapted to the daily
mean air temperatures, while the correction of daily precipitation
sums was implemented relatively by using a multiplication factor
(Mudelsee et al., 2010; Piani et al., 2010; Terink et al., 2010).  All the
correction values used in this  study, sorted by month, are shown in
Table 4.
As an example for potential limno-physical changes, we
deduced the duration of thermal stratification in  the lake for the
simulated period 2041–2050 and compared it  to the observed dura-
tion of stratification in the past.  Thereby we proceeded like Birge
(1897),  who defined the  thermocline as  the region in  the vertical
profile of a lake, where the temperature decreases by 1  K m−1 of
depth. If such a difference in  temperature is measured or simulated,
the lake is stratified at that time.
Table 4
BIAS correction values for air temperature and precipitation for every month, cal-
culated by using  measured (1990–2006) and simulated (2001–2017) data.
Month Temperature (absolute in ◦C)  Precipitation (relative)
January 0.81  0.39
February 1.79 0.52
March 2.90 1.00
April 3.77 0.95
May  1.64 1.18
June 2.54 0.73
July 2.31 0.65
August 1.65 0.80
September 3.98 0.76
October 2.91 0.48
November 3.47 0.54
December 2.60 0.55
3. Results
At  the  beginning of this  section, we want to present the  results
of the calibration process. Afterwards the quality of the calibration
and validation will  be  compared. Also, we  show the meteorologi-
cal data from the regional climate model REMO taking into account
a BIAS correction that is  necessary to estimate the lake‘s ecologi-
cal future. We also wanted to compare mean water temperatures
using the  periods of calibration (2004–2007) and future simula-
tion (2041–2050) to estimate possible changes. To show potential
limno-physical variations in  the lake we derived the  duration of
thermal stratification for the simulated years 2041–2050 and com-
pared it  to  stratification periods in the  past.
The numerous calibration runs showed a high  sensitivity of the
model to the maximum layer thickness, wind stirring efficiency
and light extinction coefficient parameters. When analysing the
maximum layer thickness in our calibration period (2004–2007)
with a range of 2.0–7.0 m,  a value of 3.0 m produced the  lowest
discrepancies between simulated and measured water tempera-
tures  in  all depths. For  the wind stirring efficiency parameter, we
tried a range of 0.4–0.8 and reached the  best simulation results
using the  value 0.4. The light extinction coefficient parameter fell
in a range of 0.2–0.37 m−1. At the end of the calibration process,
we set this  parameter to 0.25 m−1.  The wind stirring efficiency and
light extinction coefficient values that we used matched the values
originally used by the model’s developers (Imberger and Patterson,
1981; Imerito, 2007).  All parameter values used  in our DYRESM
model approach were already shown in Tables 2  and 3.
To verify the  quality of the calibration and validation process,
in Figs. 2  and 3, we compare the  modelled and field data  for
2004–2007 and 1993–1999. Simulated and measured water tem-
peratures in the  epilimnion, which in  our study covers depths from
0–10 m,  showed good  compliance in  calibration as  well as in  valida-
tion. In the metalimnion, which in  our study covers depths between
10 and 20 m,  the  hydrodynamic model generally underestimates
the measured water temperature values in both periods. However,
the seasonal trend of the measured data is readily cognisable. The
graphs of simulated data in  the  hypolimnion, in  our study below
20 m,  run in a straight line every calendar year, even though the
field data show a slight seasonal increase of water temperatures.
At the  end of the year, this  trend is interrupted. Also  the  simulated
water temperature values in the  hypolimnion in the most cases are
lower than the measured values. This fact  can be  seen in  Fig.  4 as
well. When looking at Figs. 2  and 3,  it should be considered, that
we used different scales due to naturally given variations in  water
temperature measurements. As a consequence, the  pictured devi-
ation between simulated and measured water temperature values
in the  metalimnion and hypolimnion seems higher than  the real
deviation.
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Fig. 2. DYRESM-simulated water temperatures and measured temperatures in  epil-
imnion (A), metalimnion (B) and hypolimnion (C) in the calibration period January
2004–December 2007.
Fig. 4 shows the regression analysis and coefficient of  determi-
nation for the calibration period (2004–2007) at different depths.
The size of the sample was 29 values per graph. In the  epilimnion,
except at a depth of 8 m, the  graphic shows a very high coefficient
of determination between 0.94 and 0.96. In the observed depths
of the metalimnion and the  upper hypolimnion, the deviation is
higher with a  coefficient of determination between 0.71  and 0.87.
Like already mentioned before, the simulated water temperature
values in the hypolimnion in the most cases are lower than the
measured values.
Vertical temperature profiles are very significant in elucidating
possible impacts on the ecology of a lake. The thermocline shift,
the changes in the thickness of the epilimnion and in  the vertical
temperature gradient are readily recognisable potential effects.
Fig. 5 shows one daily vertical temperature profile of simulated and
field data for every season of the year 2007. In winter a  homoth-
ermic profile is  visible, while the simulation underestimates the
water temperatures by  at least 1  K. In  spring a slight stratifica-
tion is observable in the epilimnion, and below 3 m,  the water
Fig. 3.  DYRESM-simulated water temperatures and measured temperatures in epil-
imnion (A), metalimnion (B) and hypolimnion (C) in the validation period January
1993–December 1999.
temperatures are  underestimated by  the  model. In summer the
typical summer stratification is  visible, while the epilimnion is
reproduced very well by the model, and in  the hypolimnion, the
water temperatures are slightly underestimated, with a deviation
in  the region of 1 K for the whole water column. In autumn, before
the initiation of the typical mixing, there is a stable stratification in
the modelled as well as in the measured temperature profile visible.
As quality criteria for calibration and validation of  the  hydro-
dynamic model DYRESM, we  calculated the  mean absolute error
(MAE) and root  mean square error (RMSE) in different depths, and
they are listed in Table 5. In  the upper 13 m of Lake Ammersee, the
MAE  and RMSE, with  the exception of depths of 8 and 10  m,  were
lower during the  calibration period (2004–2007) than during the
validation period (1993–1999). Below depths of 13 m,  we observed
that the validation produces lower MAE  and RMSE than the calibra-
tion. Our RMSE maximum of 2.83 K occurred at the water surface
during the validation period.
When using data from the regional climate model REMO, it
became apparent that  the temperature and precipitation values for
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Fig. 4. Regression analysis and coefficient of determination (R2)  between simulated and  measured water temperatures in depth of 0 m (A), 2 m  (B), 4  m (C), 6  m (D), 8 m  (E),
10  m (F), 13 m (G), 16 m (H), 20 m (I)  and  30 m  (J) in the  calibration period January 2004–December 2007.
the future are overestimated, by what a BIAS correction gets nec-
essary (Mudelsee et  al., 2010; Piani et  al.,  2010; Terink et al.,  2010).
Fig. 6 shows monthly mean temperatures and precipitation sums
measured by the German Weather Service (DWD) for 1990–2006,
the original simulated data  by the REMO model from 2041–2050
and the  bias-corrected values for the same period. After these
corrections, no unexpected changes were visible from January
to March. In contrast the simulated and corrected precipitation
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Fig. 5. Vertical water temperature profiles of Lake Ammersee on 15  January 2007 (A), 10 April 2007 (B), 11 July 2007 (C) and  10 October 2007 (D),  comparison of  simulated
and  measured values.
Table 5
MAE  and RMSE values for calibration (Cal) and validation (Val) at different depth.
Depth (m)  MAE  (K)  RMSE (K)
Cal Val Cal Val
0 1.27 2.61 1.79 2.83
2  1.05 2.02  1.42 2.26
4  0.96 2.02  1.34 2.34
6  1.13 1.53 1.43 1.84
8  1.41 1.35 1.96 1.64
10 1.11 1.12 1.48 1.38
13  1.30 1.41 1.64 1.38
16  1.48 1.35 1.85 1.71
20 1.61 1.33 1.92 1.60
30 1.20 0.88 1.44 1.14
values for the future in  April, May, July and August were much
higher and in June were lower than the measured DWD  values
in  the  past. In September the  REMO data was  twice as  high  as
the measured data, and from October to December, the  precipita-
tion in the future increased slightly. The bias-corrected monthly
mean air temperature rose, especially in winter. In our future
period (2041–2050) an obvious increase in  mean air temperatures
occurred in August.
As we  mentioned in Section 2, after careful calibration and
validation, we implemented a future simulation run  at Lake
Ammersee (2041–2050). Fig. 7 emphasises again the  high quality
of the  model calibration, by showing graphs for simulated and
measured mean water temperatures in the epilimnion during the
calibration period (2004–2007). Also Fig. 7 presents the simulated,
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Fig. 6. Monthly mean air  temperature (A) and monthly mean precipitation sum
(B)  simulated for the future by  the model REMO (2041–2050), BIAS-corrected
(2041–2050) and measured by the DWD (1990–2006).
expected mean water temperature changes in the epilimnion, by
comparing the measured mean water temperatures during calibra-
tion (2004–2007) and the simulated mean water temperatures in
the future period (2041–2050). Except for the months of January,
July, November and December, the mean water temperatures
in the future were expected to increase in  comparison to the
simulated mean water temperatures from 2004–2007. The water
temperature maximum was modelled in August.
To elucidate potential limno-physical changes in consequence
of aforementioned increasing water temperatures, we deduced the
stratification behaviour of Lake Ammersee for the simulated period
2041–2050 and compared it to  the  observed duration of stratifi-
cation in the period 1985–2011. In the past,  the  average date in
the year that the stratification was observed to occur was  15 May,
while the average end of stratification was 10 October. Against this
in the future the beginning of stratification is  simulated to appear
averagely on 27 April and the  average end  of stratification is mod-
elled to be 08 November. In  sum the  simulated stratification in
Fig. 7. Monthly mean water temperatures in the epilimnion, measured and
simulated for the calibration period (2004–2007) and simulated for  the future
(2041–2050).
Table 6
Average derived beginning, end  and  duration of thermal stratification for the past
period  1985–2011 (observed) and the future period 2041–2050 (simulated).
Period 1985–2011 Period 2041–2050
Beginning (date) 15 May  27  April
End  (date) 10 October 08 November
Duration (number of days) 149 196
the future is expected to occur earlier and to last longer than the
observed stratification in the past. In Table 6  we  give a summary of
the stratification behaviour of  the lake.
4. Discussion
During calibration of the  1D-DYRESM model at  Lake Ammersee,
we observed variations in the modelled water column caused by
changes in  the  calibrated parameters. In  general the thermocline
became diffuse when the  maximum layer thickness was defined
too broadly. Also the  temperature gradient within the hypolimnion
increased when high  values of this  parameter were used, result-
ing in an unsatisfactory representation of reality. Changes of the
wind stirring efficiency parameter in our case study mainly influ-
enced the water temperatures in  depths between 5  and 35 m, and
by changing the  light extinction coefficient parameter we observed
clear variations in the water temperature in all depths. A further
reduction in  the light extinction coefficient led to  a decrease in
surface water temperatures in summer and an  increase in surface
temperatures in  winter. Other variables have  also  been analysed
regarding their lower sensitivity on the model process and could
be excluded during the calibration process.
The high quality of the calibration and validation is  demon-
strated in Figs. 2  and 3  by  comparing modelled and measured water
temperatures for 2004–2007 and 1993–1999. The satisfying accor-
dance of simulated and field data in  the upper 10 m of the  lake was
also demonstrated by Gal et al. (2003) and Trolle et al. (2008).  The
underestimation of measured water temperatures by the model in
the metalimnion and hypolimnion, as well as the slight annual vari-
ations in the  simulated hypolimnetic water temperatures, has been
described in previous studies with the  model DYRESM. Perroud
et al.  (2009) compared the ability of four one-dimensional lake
models to simulate the  water temperature profiles of Lake Geneva.
They also observed that this underestimation of the model DYRESM
in the metalimnion and the hypolimnion was due to insufficient
heat diffusion from above and that there is no variation in the
simulated water temperatures below a depth of 50 m.  Neverthe-
less, Perroud et  al.  (2009) found that  DYRESM is one of the best
one-dimensional models to reproduce the variability of the water
temperature profiles satisfactorily. In another study by Copetti et al.
(2006), the model DYRESM was also capable of simulating the
surface temperature seasonal trend and the thermal gradient accu-
rately with an  underestimation of the bottom water temperatures
during summer stratification. The investigation by Gal et al. (2003)
showed that the metalimnion was the  part of the water column
in which the  largest variation between simulated and measured
water temperatures occurred all year round.
When calculating the  MAE  and RMSE in different depths
(Table 5), in the upper 13 m,  with the  exception of depths of 8  and
10 m,  we observed lower MAE and RMSE values in the  calibration
period (2004–2007) than in  the validation period (1993–1999). This
finding could be due to a higher variability in measured water tem-
peratures during the  longer validation period and the  fact that the
model parameters were adapted especially for the years used for
calibration. The fact  that the  validation produces lower MAE  and
RMSE below 13 m than the  calibration does seem surprising but was
readily detected by Trolle et al.  (2008).  In general the  error values in
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our study are similar to the MAE  and RMSE values in  other DYRESM
investigations. Our RMSE maximum of 2.83  K  was  observed during
validation (1993–1999) at the  water surface, while Perroud et al.
(2009), for example, calculated a  RMSE maximum of 3.00 K  at a
depth of 5–15 m. With respect to the MAE  and RMSE results, which
show good compliance between simulated and measured water
temperatures, it can be assumed that DYRESM is  suitable for mod-
elling future thermal characteristics for Lake Ammersee. Therefore,
it is necessary to use the input data from regional climate models to
simulate future meteorological conditions. However, when using a
regional climate model, it  is  advisable to consider difficulties, e.g.
different orography of the study areas and different model cell sizes
(Jacob et al., 2007, 2008). Afterwards, the models can provide all the
necessary meteorological input data to simulate the heat content
and the ecosystem of a lake.
For that purpose, we noticed that initially it is necessary to
correct this climate input data with a bias value (Table 4). Further-
more, the necessity of a bias correction when using data from the
regional REMO model was also addressed in detail by former stud-
ies (Mudelsee et  al., 2010; Piani et al.,  2010; Terink et al., 2010).
In our investigation, we observed (Fig. 6) that the  bias-corrected
monthly mean air temperature from 2041–2050 rose, especially
in winter. This finding matches the  predicted trend for the entire
northern hemisphere (Solomon et al.,  2007). We  also  observed
an obvious increase of  mean air temperatures in  August. These
future increases in summer air temperatures will in turn cause a
water warming (Ambrosetti and Barbanti, 1999; Livingstone, 2003;
Thompson et al., 2005; Schneider and Hook, 2010)  and conse-
quently important ecological changes in the lake (Quayle et al.,
2002; Adrian et  al., 2009).
In our simulation results at Lake Ammersee for the period
2041–2050 (Fig. 7),  we modelled the water temperature max-
imum in August. Our  predictions were in  accordance with the
estimated increase in mean air temperatures in August derived
from the REMO regional climate model; the air temperature values
are shown in  Fig. 6.  Also the predicted increase in  mean air tem-
peratures in winter is reproduced by increasing simulated water
temperatures in  November, December, February and March and
is reflected in the earlier occurrence and longer lasting duration
of thermal stratification (Table 6). All these results emphasise
the impact of meteorological conditions on the water column
(Livingstone, 2003; Schneider and Hook, 2010).
5. Conclusion
In our case study on Lake Ammersee, we showed that the hydro-
dynamic model DYRESM, after careful calibration and validation, is
suitable to simulate the current and future heat content of lakes.
The model DYRESM underestimated water temperatures in  the
metalimnion and parts of the  upper hypolimnion even after our cal-
ibration process. Our investigation also demonstrated that the use
of regional climate models such as REMO for hydrodynamic model
studies after the obligatory bias-correction is  a practicable way to
estimate future impacts of climate warming on lake ecosystems in
the Northern Foothills of the Alps.
It can be assumed by  this investigation, in accordance with pre-
vious studies (Quayle et al.,  2002; Livingstone, 2003; Salmaso et al.,
2007; Adrian et al.,  2009; Schneider and Hook, 2010), that higher
energy input from the atmosphere has a strong impact, which in
turn leads to higher water temperatures, especially at the surface
of a lake. The predicted impact on the water temperatures directly
affects the stratification characteristics and the  mixing processes
of a body of water, e.g. the depth of the thermocline, duration of
inter-annual stratification and mixing, and the thickness of the met-
alimnion. Furthermore, a shift in the  dates of mixing events (spring
and  autumn turnover) during the  year  can be  derived from the ther-
mal  simulation results (Livingstone, 2003).  The depth reached by
convective mixing has gradually been reduced in recent decades,
and in the  future a  greater quantity of energy derived from external
forces will be required to initialise complete mixing (Ambrosetti
et al., 2010).  In some deep, temperate lakes, climate warming in
the future will likely inhibit complete mixing, even during intense
wind storms (Rempfer et al., 2010).
These physical changes in  general are a crucial point for the
ecosystem of the  lake (Quayle et al., 2002; Adrian et al., 2009).
In  future studies, possible drawbacks on the ecosystem should be
investigated, e.g. how it can also produce an  eutrophication-like
signal in Lake Ammersee (Trolle et al., 2011; Guilizzoni et al.,  2012),
or how global warming and eutrophication could act together with
self-stabilising positive feedback (Rinke et al.,  2010). Furthermore,
at  our study site, ecological processes, such  as rates of growth and
respiration, could be accelerated, and nutrient cycling in  the lake
will be intensified due to increasing water temperatures. Also, the
stronger stratification could induce changes in the phytoplank-
ton community (Rinke et al., 2010).  An increased development
of warm-water cyanobacteria will  also have impacts on the  lake
ecosystem, e.g.  species such as Daphnia magna could be  eliminated
from surface waters (Bednarska et al., 2011; Gallina et al.,  2011).
In  conclusion, the limno-physical outcome of the  hydrodynamic
model DYRESM is  suitable as  a sound basis for further ecological
and limnological studies. Hence, to  investigate the possible future
ecological consequences on a lake mentioned before, the limno-
physical model output has to be coupled with an  ecological model
of the lake,  like realized at other study sites (Burger et al., 2008; Gal
et al., 2009; Rinke et al., 2010; Trolle et al., 2011). This finally can
contribute to  improving our knowledge (Bates et  al.,  2008; Huber
et al., 2008; Fang and Stefan, 2009; MacKay et  al., 2009)  about
modelling the impact of  climate change on ecosystems.
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INTRODUCTION
The impact of climate change-driven increases in air
temperature on lake water temperatures has been the sub-
ject of numerous studies in recent years (Livingstone,
2003; Adrian et al., 2009; Fang and Stefan, 2009;
Williamson et al., 2009a; Ludovisi and Gaino, 2010;
Schneider and Hook, 2010; Weinberger and Vetter, 2012).
The resulting heating of the vertical water column in turn
leads to substantial changes in the physical properties of
the lake (Gaiser et al., 2009; Ambrosetti et al., 2010; Braig
et al. 2010; Rempfer et al., 2010), more precisely in terms
of mixing processes, stratification characteristics (Danis
et al., 2004; Ambrosetti and Barbanti, 2005; Austin and
Colman, 2008; MacIntyre et al., 2009; MacKay et al.,
2009; Rimmer et al., 2011) and heat content (Hondzo and
Stefan, 1993; Dokulil et al., 2006; Vetter and Sousa,
2012). Investigations dealing with these limno-physical
changes are crucial, as the latter directly influence nearly
all biological and chemical processes. For example, sub-
stantial trophic- and species-dependent changes are
caused by shifts in the climate regime of lakes (Kirilova
et al., 2009; Wagner and Adrian, 2009; Rinke et al., 2010;
Gallina et al., 2011), while the distribution of nutrients
and oxygen is also affected (Braig et al., 2010; Rempfer
et al., 2010; Vetter and Sousa, 2012).
In order to improve our understanding of the afore-
mentioned physical, biological and chemical processes, it
is necessary to use hydrodynamic and ecological lake
models (Huber et al., 2008; Fang and Stefan, 2009; Am-
brosetti et al., 2010) in addition to field studies and sta-
tistical analysis of historical lake data (Peeters et al.,
2002). These mathematical models are able to simulate
the future impact of a changing climate on lake ecosystem
and water quality (Perroud et al., 2009). Even though oth-
ers have already made this point, there remains a need for
substantial studies investigating these environmental con-
sequences. Such investigations should utilise data and in-
formation derived from regional climate models, e.g.
REMO (Jacob et al., 2007), which represent the only tools
able to satisfactorily estimate future rates of climate
change (Samuelsson, 2010). The simulations produced by
these climate models are based on different IPCC emis-
sion scenarios (Nakicenovic et al., 2000; Solomon et al.,
2007). However, information gaps remain in modelling
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impacts on limnological ecosystems (MacKay et al.,
2009); studies using regional climate model data were
largely unavailable in the past (Bates et al., 2008). 
As a result of the above-mentioned issues, in Wein-
berger and Vetter (2012) a first hydrodynamic simulation
approach was implemented using the hydrodynamic
model DYRESM (Imberger and Patterson, 1981; Imerito,
2007), based on the results of the regional climate model
REMO for Ammersee. Initially the one-dimensional
model DYRESM was calibrated and validated to simulate
lake vertical thermal distribution, with meteorological
data from the regional climate model REMO (IPCC A1B
emission scenario) then employed as input data for
DYRESM and a simulation run carried out for the period
2041-2050. The produced results regarding potential fu-
ture water temperature changes thus provide the basis of
the present study, making it possible to address the limno-
physical impacts of climate change in particular. 
The study site, Ammersee, is a peri-Alpine, 83-m
deep, currently dimictic lake located 30 km southwest of
the Munich metropolitan area. The third largest lake in
Bavaria and very important for regional tourism and fish-
eries, Ammersee has a surface area of 46.6 km2, a water
volume of 1.75×109 m3 and a glacial morphologic origin.
Ammersee was selected as the study site because of its
geogenic, climatic, geographic and limnological charac-
teristics, which are representative of many other lakes in
the northern foothills of the Alps. The lake freezes over
in winter in some years (Danis et al., 2004). It has one
main inflow called the Ammer, three smaller inflows
known as the Windach, Rott and Kienbach, and one main
outflow called the Amper. The Ammersee would naturally
be oligotrophic (Kucklentz, 2001; Vetter and Sousa,
2012), but due to intensive land use in the catchment area
from around 1950, the lake became mesotrophic. In the
last 20 years Ammersee has undergone re-oligotrophica-
tion after the establishment of specialised sewerage (Ernst
et al,. 2009), but whether this trend will continue under
projected climate change conditions is not clear (Vetter
and Sousa, 2012). Different estimations have been postu-
lated regarding future limno-physical and ecological de-
velopment as a consequence of anthropogenic and
climatic impacts. Danis et al. (2004), for example, pro-
jected Ammersee to undergo a dramatic and persistent
lack of mixing, starting in around 2020; the resulting lack
of oxygenation would irreversibly destroy the lake’s deep-
water fauna. Joehnk and Umlauf (2001) mentioned the
importance of modelling oxygen conditions in Ammersee.
These environmental risks, as well as the desire to im-
prove the existing level of knowledge regarding the im-
pact of climate change on limnological systems and their
catchment area (Niedda and Pirastru, 2013), demonstrate
the necessity of new modelling studies using well-pre-
pared regional climate model data (Mooij et al. 2010;
Trolle et al., 2011). In doing so it is then possible to esti-
mate the lake’s ecological future and support subsequent
water quality management. Studies employing DYRESM
have been able to effectively simulate future Ammersee
water temperature changes (Weinberger and Vetter, 2012;
Bueche and Vetter, 2013), with the model now established
as a sound basis for the deduction of prospective limno-
physical variations. 
The objective of the present study was to therefore use
the predicted water temperatures simulated by the hydro-
dynamic model DYRESM, based on the results of the re-
gional climate model REMO (IPCC A1B emission
scenario), to calculate i) the heat content of Ammersee for
the years 2041-2050; and ii) the thermal stability of the
lake water column for the same period. These results were
then assessed and compared to past limno-physical prop-
erties of Ammersee. In addition iii), changes in the dura-
tion of thermal stratification were investigated, while iv)
the depth of the thermocline as well as the depth of the
upper and lower metalimnion were also deduced. Finally,
v) the sensitivity of the limno-physical results to the
model parameter light extinction coefficient was analysed.
To underline the motivation for this study it should be
said, that the elucidation of physical changes by means of
a regional climate model at Ammersee can provide further
important knowledge with which to estimate the potential
impact of climate change on water bodies in the northern
foothills of the Alps.
METHODS
The present study used the one-dimensional hydrody-
namic model DYRESM (v4.0.0-b2), developed by the
Centre for Water Research at the University of Western
Australia. Able to predict the vertical distribution of tem-
perature, salinity and density in lakes and reservoirs (Im-
berger and Patterson, 1981), DYRESM is a process-based
model with a Lagrangian layer scheme, which means that
the horizontal layers are adjusted to stay within user-de-
fined limits (Imberger and Patterson, 1981; Antenucci and
Horn, 2002). Layer mixing appears when the turbulent ki-
netic energy in the topmost horizontal layer, produced via
convective overturn, wind stirring and shearing (Perroud
et al., 2009), exceeds a potential energy threshold.
DYRESM has been applied to different study areas
around the world (Han et al., 2000; Gal et al., 2003;
Romero et al., 2004; Trolle et al., 2008; Perroud et al.,
2009; Rinke et al., 2010) and is particularly suitable for
the simulation of longer periods. In comparison to other
one-dimensional lake models, DYRESM is able to satis-
factorily reproduce the variability of both water tempera-
ture profiles and seasonal thermoclines (Perroud et al.,
2009). DYRESM can also be run either in isolation for
hydrodynamic studies, or coupled to an aquatic ecological
model, e.g. CAEDYM, for the investigation of biological
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and chemical processes (Imerito, 2007). For the analysis
of Ammersee, DYRESM was carefully calibrated (for the
period 2004-2007) and validated (1993-1999) taking into
account simulated and measured water temperatures. Fur-
thermore, to determine the quality of the calibration and
validation process, modelled and observed data were
compared via the use of regression analysis and the qual-
ity criteria mean absolute error (MAE) and root mean
square error (RMSE) (Legates and McCabe, 1999). As
small mean absolute errors (0.96-1.61 K) and root mean
square errors (1.42-1.96 K) were observed, as well as high
coefficients of determination (0.71-0.96) at all depths, the
selected hydrodynamic model was considered able to
identify the potential drawbacks of climate change on the
lake and thus provide the basis for subsequent coupled
aquatic ecological modelling. 
Nevertheless, it has to be said that DYRESM is orig-
inally not able to continue the simulation process when
water temperatures decrease below 0°C. Hence, at Am-
mersee, we used a modified version with freezing avoid-
ance, which means that negative values of water
temperature were set back to 0 °C to ensure a continuous
and stable simulation. Although, because of this, ice cover
is not included in the model directly, the introduced error
is small for large peri-Alpine lakes as they rarely freeze
and the cooling-down is not very intense. Full ice cover
was observed at Ammersee in 15 years from 1934 to 1971
(Danis et al., 2004). For the period from 1971 to 2012
there are no publications dealing with ice cover available,
but according to own observations and analyses the lake
has frozen over in 5 years. Moreover, the effect of freezing
avoidance diminishes throughout the season when surface
temperatures are approaching a value corresponding to
the equilibrium energy exchange between the lake and the
atmosphere (Weinberger and Vetter, 2012). More details
regarding the comprehensive calibration and validation of
DYRESM for Ammersee can be also found in Bueche and
Vetter (2013). 
When estimating the impact of climate change on
lakes, it is generally advisable to use meteorological input
data produced by regional climate models. The climate
data employed in the present study were acquired from
the regional climate model REMO (Jacob et al., 2007),
which was selected because its cell calculation size of
10x10 km was considered suitable for analysis of the Am-
mersee area. The REMO simulation provides variables in-
cluding short-wave radiation, air temperature,
precipitation, wind speed, vapour pressure, total cloud
cover and relative humidity, all of which have a strong in-
fluence on the heat budget of a lake. Long-wave radiation
was estimated from atmospheric conditions using cloud
cover fraction (Imerito, 2007). Use of REMO data also
requires the implementation of bias correction; this
process had already been carried out in an earlier study
by comparing previously-measured meteorological data
from the study area (covering the period 1990-2006) with
those simulated by the regional climate model (2001-
2017) (Weinberger and Vetter, 2012). Based on these com-
parisons, statistical relationships for each month could
then be determined that were relevant to the correction of
calculated future climatic conditions. For example, when
correcting the air temperature values derived from the
REMO model, an absolute correction value was adapted
to the daily mean air temperatures, whereas the correction
of daily precipitation sums was implemented relatively
via the use of a multiplication factor (Piani et al., 2009;
Mudelsee et al., 2010; Terink et al., 2010). Our investi-
gations demonstrate that the use of regional climate mod-
els such as REMO in hydrodynamic model studies (after
obligatory bias correction) is a practicable way of estimat-
ing future impacts of climatic warming on lake ecosys-
tems in the northern foothills of the Alps. 
The research presented in Weinberger and Vetter
(2012) and taken as basis for this study, includes such a
simulation for Ammersee, based on the IPCC A1B emis-
sion scenario for the period 2041-2050. The A1B emis-
sion scenario was selected due to the fact that it assumes
balanced use of all available energy sources (Nakicenovic
et al., 2000; Solomon et al., 2007). In this scenario, the
global mean air temperature is predicted to increase by
about 3 K between 1990 and 2100. Future climate change
conditions in the present study were also derived from the
aforementioned regional climate model REMO; the ver-
tical thermal distribution in Ammersee was then simulated
for the period 2041-2050 using bias-corrected REMO me-
teorological data as input values for the hydrodynamic
model DYRESM. This simulation method is, as men-
tioned previously, now established as a sound basis on
which to both deduce potential future physical changes,
such as those mentioned in the Introduction, and to pro-
vide further important knowledge which can be used to
estimate the potential impact of climate change.
To clarify which are the main drivers for changes in
limno-physical conditions in the future we investigated
sensible, latent and radiative heat fluxes. At Ammersee,
the sensitivity of the hydrodynamic model DYRESM to
changes in meteorological input variables and to changes
in water temperatures of the inflow was analysed. Thereby
the greatest influences on the heat budget and on the dy-
namics of the lake were detected for modifications of air
temperature and wind speed (Bueche and Vetter, 2013).
The variable wind speed is known to influence mixing
and the exchange of both latent and sensible heat at the
water surface (Livingstone, 2003). The fact that the vari-
able air temperature has the greatest ramifications was
also detected by Trolle et al. (2011), who included only a
simple air temperature offset in representing future mete-
orological conditions in their lake modelling study. All the
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changes in monthly mean air temperatures simulated by
the model REMO (A1B scenario) until the period 2041-
2050 at Ammersee can be seen in Tab. 1. To elucidate that
there are also existing more pessimistic emission scenar-
ios than A1B, in Tab. 1 we additionally show bias-cor-
rected air temperatures based on the emission scenario
A2. This scenario assumes that the global mean air tem-
perature will increase by about 3.5 K between 1990 and
2100 due to regionally oriented economic development
and a continuously increasing world population (Nakicen-
ovic et al., 2000). For further limno-physical research at
Ammersee, as mentioned before, in this study we take the
scenario A1B as basis, which is based on assumptions that
are more realistic.
Nevertheless, the potential effects of other meteoro-
logical variables and processes should not be neglected.
For example cloud cover can affect both long-wave and
short-wave radiation, while relative humidity influences
the exchange of latent heat (Livingstone 2003, Trolle et
al. 2011). Hence these variables, provided by the regional
climate model REMO, were also taken into account in our
study at Ammersee. To compare the simulated hydrody-
namic results with data obtained in the field, a series of
water temperature and conductivity measurements were
used which have been collected at Ammersee since 1976,
with regular readings carried out since 1985. These data
are collected at the deepest point of the lake by the Bavar-
ian Environmental Agency. Measurements within the epil-
imnion are taken every 2 m, in the metalimnion every 3
m and in the hypolimnion every 10 m. The time step of
data collection has varied, but in general measurements
have been carried out at least every month. This field data
both provided a sound basis for the calibration and vali-
dation of the hydrodynamic model DYRESM employed
in Weinberger and Vetter (2012), and was also used to cal-
culate past values of limno-physical variables for the pres-
ent study. Total lake heat content (W) can be calculated
by summing the heat content of single layers (from lake
surface to lake bottom) based on their mean water tem-
peratures (Schwoerbel and Brendelberger, 2005): 
(eq. 1)
where T(z) is the mean water temperature (°C) at depth
z, cp(z) is the specific heat capacity (kJ kg
–1 K–1) at depth
z, ρ(z) is the density of water (kg m–3) at depth z, A(z) is
the isobath plane (m2) at depth z and d(z) is the depth in-
terval. In addition to mean total lake heat content, heat
content was also calculated for the layers from 0-3, 3-10
and below 10 m. To make it easier to compare the results
for Ammersee with results of similar studies, the heat con-
tent is additionally given in terms of volume-weighted
mean (VWM) temperatures. 
To derive the thermal stability of the water column,
values of Schmidt stability were determined according the
following equation:
(eq. 2)
where A0 is lake surface area (m
2), A(z) is lake area (m2)
at depth z, ρ(z) is density (kg m–3) calculated from tem-
perature at depth z, ρ* is the volume-weighted mean den-
sity of the water column (kg m–3), z* is the depth (m) at
which mean density occurs, d(z) is the depth interval (m)
and g is acceleration due to gravity (m s–2). Representing
the work that would be required to transform a thermally
stratified lake into a lake characterised by isothermal con-
ditions, the Schmidt stability value has been used to ac-
count for the intensity of summer stratification in a
number of lake studies (Ambrosetti and Barbanti, 2005;
Gaiser et al., 2009; Braig et al., 2010). Other climate
change impact studies that have used Schmidt stability as
a measure of lake stratification include Livingstone
(2003), Coats et al. (2006), Jankowski et al. (2006) and
Rempfer et al. (2010). Calculation of Schmidt stability re-
quires the determination of lake water density and con-
ductivity. For Ammersee, the density at different depths
was calculated according to Chen and Millero (1986),
while conductivity was determined using the relationship
between temperature, density and water pressure in the
water column (UNESCO 1987).
Also deduced was the duration of lake thermal strati-
fication for the simulated period 2041-2050; again this
was then compared to the observed duration of stratifica-
tion in the past (1985-2007). The present study follows
the work of Birge (1897), who defined the thermocline as
the region in the vertical profile of a lake, where the tem-
perature decreases by 1 K per metre of depth. If such a
difference in temperature is measured or simulated, the
Tab. 1. Monthly mean air temperature (°C) at lake Ammersee
measured in the past and simulated for the future by the model
REMO.
Month 1990-2006 2041-2050 A1B 2041-2050 A2
January -0.4 1.9 1.8
February 0.1 1.9 1.2
March 3.1 4.4 4.7
April 6.0 6.8 8.2
May 11.5 12.4 13.1
June 14.5 14.8 15.7
July 16.3 16.2 17.2
August 16.4 17.2 16.6
September 12.0 11.7 13.9
October 8.4 9.4 9.2
November 2.9 4.6 4.5
December 0.0 1.3 1.1
Values are bias-corrected and based on emission scenarios A1B and A2.
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lake is considered stratified at that time. As per Hutchin-
son (1957), the thermocline was also considered as the
depth plane at which the largest relative change in water
temperature occurs. Using observed past water tempera-
tures and simulated water profiles for the period 2041-
2050, it was possible to detect changes in the depth of the
thermocline potentially due to climate change. Definition
of the upper and lower borders of the metalimnion was
carried out in the same manner as the deduction of the du-
ration of thermal stratification, i.e. following Birge
(1897). Accordingly, the metalimnion was considered to
be the region in the vertical profile of a lake within which
the temperature decreases by 1 K per metre of depth.
To assess whether the differences between the esti-
mated changes for the future, deduced from the hydro-
dynamic model, and the measured historical data are
statistically significant, we conducted Welch two-sample
t-tests for the variables duration of thermal stratification,
depth of thermocline and Schmidt stability. After calcu-
lation of limno-physical variables for the future, we also
investigated the sensitivity of these results to changes in
the parameter light extinction coefficient (LEC) of the
water, which has to be set in the input files of the hydro-
dynamic model DYRESM. This parameter determines
how the solar radiation is absorbed by the lake water and
directly influences the heating of the epilimnion (Im-
berger and Patterson 1981). Hence the LEC was already
used for the calibration of the model DYRESM at Am-
mersee and at the end set to 0.25 m–1 (Weinberger and
Vetter, 2012). For our sensitivity analysis in the recent
study we first reduced the LEC by 10% to a value of
0.225 m–1 and afterwards raised the LEC by 10% to a
value of 0.275 m–1. 
RESULTS
Heat content
Lake heat content was calculated for the layers from
0-3, 3-10, below 10 m and for the whole lake. This was
achieved using both simulated (future) and measured
(past) data. Fig. 1 presents a comparison of the resulting
mean heat content for each month for the periods 2041-
2050 and 1997-2007. 
Analysis of graph a in Fig. 1 reveals that the heat con-
tent of the upper 3 m of the epilimnion is predicted to be
higher in the future from end of March to mid-November.
The highest increase is expected during June to October,
with the maximum heat content simulated at 12 GJ or
Fig. 1.Monthly mean heat content and respective volume-weighted mean (VWM) temperature at a depth of 0-3 (a), 3-10 (b), below 10
m (c) and for the whole lake (d), calculated for Ammersee from measured (1997-2007) and simulated data (2041-2050, A1B emission
scenario). The error bars show the maximum and the minimum of the simulated values used to calculate the simulated monthly mean.
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12°C (volume-weighted mean (VWM) temperature) in
August. The measured maximum was also observed in
August, at 11.5 GJ (VWM temperature: 11.5°C). Winter
values are projected to be lower than in the past. Between
3 and 10 m depth (Fig. 1b), an increase in heat content is
predicted only for September, October and November; an
obvious decrease is estimated for January and February,
while in the remaining months a merely slight decrease is
visible from the past to the period 2041-2050. Below 10
m depth (Fig. 1c), a clear decrease in January as well as
from April to December lake heat content is simulated,
with a maximum decrease of around 10 GJ (VWM tem-
perature: around 2°C) projected for October. February
lake heat content is expected to remain nearly constant,
whereas March values are predicted to decrease only
slightly in the future. Analysis of total lake heat content
(Fig. 1d) reveals decreasing values for the whole year.
Maximum total heat content for Ammersee was observed
in August for both measured and simulated values, at 70
GJ (VWM temperature: 9°C) and 60 GJ (VWM temper-
ature: 7.5°C), respectively.
When calculating the heat content, the process of
freezing avoidance during the simulation run, as men-
tioned in the Methods, should be considered. Thereby
negative values of water temperature are set back to 0°C
to ensure a continuous and stable simulation. During
eleven years of calibration and validation (2004-2007 and
1993-1999) at Ammersee (Weinberger and Vetter, 2012),
water temperatures were set back to 0°C by the model
DYRESM on 49 days, whereas during the 10 years-model
run from 2041 to 2050 the freezing avoidance was set up
on 63 days.
Thermal stability 
Fig. 2 presents a comparison of box-and-whisker plots
for observed (past: 1985-2007) and simulated (2041-
2050) Schmidt stability data for each month relevant to
thermal stratification. The boxes in Fig. 2 consist of me-
dian and upper and lower quartile (25th and 75th per-
centile), with upper and lower whiskers and some outliers
also illustrated. The end of the upper whisker in the pres-
ent case study was set at the 97.5th percentile, and the end
of the lower whisker at the 2.5th percentile of the data.
Outliers were defined as only those values lying beyond
the threshold of 1.5 times the interquartile range (IQR)
above the 75th percentile. 
It is apparent from analysis of Fig. 2 that lake thermal
stability is expected to increase in the future for each
month from April to November, with the simulated 25th
percentile, median and 75th percentile lying above the re-
spective observed field data values. Indeed, in April and
August the projected 25th percentiles are nearly as high as
the measured 75th percentiles for the same months. Fur-
thermore, all upper and lower whiskers, with the excep-
tion of those for October and November, are projected to
be higher in the future. Also included were the minimum
and maximum Schmidt stabilities, as well as the upper
outliers (Tab. 2).
Fig. 2. Comparison of calculated Schmidt stabilities for Ammersee, box-and-whisker chart for field (1985-2007) and simulated data
(2041-2050, A1B emission scenario) with outliers for different months. Maximum outliers are specifically marked by year number.
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The number of upper outliers as defined in the boxplot
chart is also predicted to increase in the future (2041-
2050), with 3 occurring in April, 4 in May, 3 in August
and 5 in September. During the period 1985 to 2007, only
1 outlier was observed in June (5.87 kJm–2 in 2002) and 2
outliers in August (maximum outlier 7.70 kJm–2 in 2003).
All upper outliers as well as the year number correspon-
ding to the maximum outliers are also shown in Fig. 2.
While minimum Schmidt stabilities are simulated to re-
main similar to those observed in the past, monthly max-
imum values are expected to increase clearly, with the
exception of those in August and November. In May and
September the increase in maximum thermal stability is
expected to be higher than 2 kJm–2, while the maximum
predicted monthly value of 8.59 kJm–2 is projected to
occur in July (Tab. 2).
To assess whether these changes in Schmidt stability
are statistically significant, we conducted a Welch two-
sample t-test (Tab. 3). Thereby it becomes obvious that
the increase in thermal stability is highly significant from
April to October.
Duration, onset and end of thermal stratification
Another aspect of possible limno-physical change re-
sulting from increasing water temperatures is the duration
and timing of onset of thermal stratification. The simulated
stratification behaviour of Ammersee for the period 2041-
2050 was thus compared with observed stratification data
for the period 1985-2007. During the former, thermal strat-
ification is modelled to commence on average on the 27th of
April and end on the 8th of November, with the earliest date
of onset the 16th of April and the latest end the 19th of No-
vember. The average date of observed stratification accord-
ing to field data was the 15th of May, with the average end
of stratification date the 10th of October. The earliest historic
onset was observed on the 7th of May, and the latest end on
the 22nd of October. The longest period of stratification dur-
ing the years 1985-2007 was 169 days, whereas the shortest
lasted for only 127 days. The duration of thermal stratifica-
tion at Ammersee is simulated to increase significantly in
the future (Welch two-sample t-test, P=0.0011), with a max-
imum of 204 days and a minimum of 162 days. A summary
of the obtained data is provided in Tab. 4. 
Fig. 3 displays the duration of simulated thermal strat-
ification for each year during the period 2041-2050; the
vertical black lines represent the observed average begin-
ning and end dates of stratification recorded between 1985
and 2007. Analysis of Fig. 3 and Tab. 4 reveals not only
a projected increase in the duration of thermal stratifica-
tion, but also that the shortest period of stratification in
the future is estimated to be nearly equal to the longest
period measured in the past. In summary, thermal strati-
fication of Ammersee is expected to occur earlier and to
last longer than previously recorded. 
When looking at Fig. 3 and Tab. 4, it is very important
to consider that it is not possible to predict dates of onset
and end of thermal stratification exactly. We are only able
to deduce these dates directly from the simulated water
temperatures using a daily model time step. Thereby we
follow Birge (1897), as mentioned above and take into ac-
count mean dates during each period.
Depth of thermocline and metalimnion
Any changes in the position of the thermocline are ex-
pected to be very important for the ecology of water bod-
ies. In the present study two methods of analysis were
Tab. 2. Number of upper outliers, maximum and minimum val-
ues (kJ m–2) of Schmidt stability for the past and the future.
Month Past (1985-2007) Future (2041-2050)
Outliers Max Min Outliers Max Min
April 0 0.51 0 3 2.02 0.03
May 0 3.37 0.14 4 5.69 0.58
June 1 5.87 1.96 0 7.06 2.35
July 0 7.22 3.50 0 8.59 3.17
August 2 7.70 3.80 3 7.92 4.51
September 0 4.96 2.56 5 7.03 2.31
October 0 3.64 1.28 0 4.56 1.03
November 0 1.51 0.13 0 1.87 0
Tab. 3. Comparison of simulated Schmidt stability and depth of
thermocline (2041-2050) vsmeasured values of field data, using
a Welch two-sample t-test.
Schmidt stability (t/df/P) Depth of thermocline (t/df/P)
April 11.0/54/<0.0001
May 4.4/46/<0.0001 13.6/45/<0.0001
June 5.2/42/<0.0001 8.9/42/<0.0001
July 3.4/49/=0.0015 0.3/58/=0.7762
August 5.3/40/<0.0001 2.4/55/=0.0176
September 4.1/51/=0.0002 8.3/56/<0.0001
October 2.9/43/=0.0058 10.2/48/<0.0001
November 1.2/44/=0.2303
df, degree of freedom.
Tab. 4. Dates and onset of thermal stratification for the past
(1985-2007, observed) and derived directly from the model
DYRESM for the future (2041-2050).
1985-2007 2041-2050
Earliest beginning (date) 7 May 16 April
Latest end (date) 22 October 19 November
Longest period (days) 169 204
Shortest period (days) 127 162
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carried out: the first comparing the mean depth of the ther-
mocline as defined by Hutchinson (1957) using recorded
(1985-2007) and simulated data (2041-2050) for each
month from mid-May to mid-October, and the second
contrasting the mean depth and mean thickness of the
metalimnion as per Birge (1897) for the same periods. The
results can be seen in Fig. 4.
The position of the thermocline relocates towards the
lake bottom between May and October in both recorded
and simulated data. The minimum mean depth of the ther-
mocline in the past was measured in May at around 6 m,
while the projected depth during the same month is
around 4 m. The maximum mean recorded depth was ob-
served at around 12 m and the modelled value for 2041-
2050 at around 13 m. Between May and June the mean
depth of the thermocline is projected to lie above its his-
torically-recorded position, although in July the vertical
position of the thermocline is modelled to remain in a sim-
ilar range to its previous depth. However, for the period
from the beginning of August to October, an increase of
the mean depth of thermocline is predicted. Using a Welch
two-sample t-test, we investigated that the changes in
depth of thermocline are highly significant with the ex-
ception of July (Tab. 3). The mean thickness of the met-
alimnion is simulated to increase for the whole period
between May and October, with the largest expanse of 8
m occurring at the end of August. In contrast, the largest
thickness of 6 m during the period 1985 to 2007 was ob-
served in July. 
The mean depth of the upper and lower delineation of
the metalimnion increases between May and October in
both recorded and simulated data. The recorded and pro-
Fig. 3. Expected duration of lake thermal stratification deduced
from simulated DYRESM data (2041-2050, A1B emission sce-
nario), together with an illustration of the observed average start
and end of stratification (1985-2007).
Fig. 4.Mean depth of thermocline and mean thickness of metalimnion deduced from field (1985-2007) and simulated data (2041-2050,
A1B emission scenario). The error bars show the maximum and the minimum of the simulated values used to calculate the monthly
mean of thermocline depth.
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jected minimum mean depth of the upper border of the
metalimnion was observed at 4 m and 3 m, respectively,
with the maximum mean depth at around 12 m in both pe-
riods. The minimum mean depth of the lower border of
the metalimnion was around 8 m for both past and pre-
dicted data, with the maximum mean depth between 15
and 16 m for 1985-2007 and between 14 and 15 m for
2041-2050. 
Sensitivity to light extinction coefficient
The water temperatures simulated by the model
DYRESM and the calculated limno-physical variables for
the future are sensitive to the parameter light extinction
coefficient (LEC) of the water, which has to be set in the
input files of the hydrodynamic model DYRESM. For our
sensitivity analysis we first reduced the LEC by 10% to a
value of 0.225 m–1. This resulted in a slight decrease of
modelled surface water temperatures in spring and sum-
mer as well as increasing water temperatures in the met-
alimnion and hypolimnion (below 10m) and a higher heat
content of the whole lake (Fig. 5). This in turn resulted in
lower stratification and in the following more heat was
able to reach the deeper layers. Afterwards we raised the
LEC by 10% to a value of 0.275 m–1. As a consequence,
we were able to observe just the opposite. This implies
that the modelled surface water temperatures in spring and
summer slightly increased and decreasing water temper-
atures were observed in the metalimnion and hypolimnion
(below 10m), which resulted in a lower heat content of
the whole lake (Fig. 5) and in stronger stratification of the
water column. 
DISCUSSION
The following section discusses the results of the pres-
ent study regarding possible physical and ecological con-
sequences, comparing them to the outcomes of similar
limnological investigations. When looking at the results
of our one-dimensional hydrodynamic modelling study at
Ammersee, it should be considered, that the hydrody-
namic processes in the lake are obviously simplified
(Bayer et al., 2013). Subsequently the model DYRESM
for example underestimates water temperatures in the
metalimnion and hypolimnion, as investigated during our
calibration and validation period at Ammersee (Wein-
berger and Vetter, 2012). Also the meteorological data
provided by the regional climate model REMO, which is
derived from a global circulation model, may contain un-
certainties in the estimation of the local climate. However
these uncertainties can be minimised by a bias correction,
as mentioned above. Additionally, even the measured me-
teorological data may contain measurement errors, which
in turn could have an influence on the quality of the cali-
bration process due to the model’s strong sensitivity to
these climatic input variables (Bueche and Vetter, 2013).
Nevertheless, at Ammersee we showed that the models
DYRESM and REMO can be used to identify potential
drawbacks of climate change on the lake ecosystem
(Weinberger and Vetter, 2012).
For the period between end of March and mid-Novem-
ber, an increase in lake heat content is projected (2041-
2050) to occur in the upper 3 m of the epilimnion with
respect to recorded values (1997-2007) (Fig. 1a). A similar
rise in surface water temperatures has also been predicted
by other limnological studies investigating the role of lakes
as sentinels of climate change (Livingstone, 2003; Adrian
et al., 2009; Ludovisi and Gaino, 2010; Schneider and
Hook, 2010; Rimmer et al., 2011; Vetter and Sousa, 2012).
The highest increase in Ammersee heat content was pre-
dicted, as expected, for the months of June to October. Both
recorded and simulated maximum heat contents occur in
August, which matches the findings of Livingstone (2003)
for lake Zurich. The fact, that winter water temperatures
are expected to be lower in the period 2041-2050, is likely
due to an underestimation of water temperatures by
DYRESM (Weinberger and Vetter, 2012). However, this
underestimation is of little importance to lake ecological
development and thus will not be discussed further here.
Whereas only minor changes in heat content between 3 and
10 m depth were projected to take place in future summer
months (Fig. 1b), below 10 m (Fig. 1c), i.e. in the metal-
imnion and hypolimnion, a clear decrease was projected
occurring from April to January. Only in February is heat
content expected to remain nearly constant, with March the
only month in which a merely slight decrease was simu-
lated. The simulated development of total lake heat content
(Fig. 1d) is expected to be similar, but with decreasing lev-
Fig. 5. Sensitivity of simulated heat content of the whole lake
(2041-2050) to 10% changes in DYRESM input parameter light
extinction coefficient (LEC) (m–1).
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els for the whole year until the period 2041-2050. These
model results may at first seem surprising; in previous stud-
ies, the heat has been observed going beyond the barrier of
the thermocline in recent years, suggesting that increasing
heat content (even in the metalimnion and hypolimnion)
could be a consequence of climate change (Dokulil et al.,
2006; Ambrosetti et al., 2010). Therefore it was decided to
divide the lake into different horizontal layers for further
interpretation, making it possible to investigate the varying
response of the water column to higher air temperatures, as
well as the resulting heat content at different depths in the
future. The predicted decrease in metalimnetic, hypolim-
netic and total heat content in the present study could be
the result of earlier establishment of a stable water column
at higher epilimnetic and lower hypolimnetic temperatures
(Livingstone, 2003). Hondzo and Stefan (1993) simulated
that after climate change, hypolimnetic temperatures in sea-
sonally-stratified dimictic lakes will be largely unchanged
or even lower than at present, in agreement with our results.
They also found their modelled data surprising, with the
main reason suggested for the predicted values being a
more rapid onset of stratification in early spring due to an
increased net rate of surface heating after climate change;
colder hypolimnetic water is thereby more quickly and ef-
fectively shielded from surface heating. Other authors with
similar findings include Robertson and Ragotzkie (1990),
who expected midsummer hypolimnion temperatures to
change very little or increase only slightly in response to
climatic warming.
Nevertheless, when calculating the heat content by
means of the model DYRESM, the uncertainty based on
the use of the modified version for freezing avoidance
during the hydrodynamic simulation should be consid-
ered. The model DYRESM set back negative water tem-
peratures to 0°C on 49 days during calibration and
validation (2004-2007 and 1993-1999) and on 63 days
during the future modelling period (2041-2050). Hence
we assume that negative water temperatures will still ap-
pear in the period 2041 to 2050 and the ice-cover periods
will be corresponding to those mentioned by Danis et al.
(2004), who observed the duration of full ice-cover at Am-
mersee to be generally less than one month. Anyhow, it
should be an objective for future studies at Ammersee, to
investigate if the lake will still freeze over in the future
and if there will be changes in frequency and duration of
ice cover. These changes could have a strong influence on
the mixing characteristics and hypolimnetic temperatures
of the lake. For example, if the ice-cover disappears com-
pletely, there would be a potential for heat carry-over from
one year to the next (Peeters et al., 2002) and for changes
in the mixing regime of the lake from dimictic to monom-
ictic. One explanation given earlier for the projected de-
crease in heat content at Ammersee was the potentially
higher thermal stability of the water column, which would
act as a barrier to heat entering the lake. This theory was
verified after calculating Schmidt stability from field
(1985 to 2007) and simulated (2041 to 2050) data, with
thermal stability expected to be higher in the future for
each month from April to November and the number of
outliers (as defined in the boxplot chart) also increasing
(Fig. 2, Tab. 2). Furthermore, the maximum value of lake
thermal stability, which currently stands at the 7.70 kJm–2
observed during the outstanding warm year of 2003, is
simulated to be exceeded in the period 2041-2050.
The influence of changes in water temperature on lake
density gradients and the resulting increase in water col-
umn thermal stability has been examined in a number of
studies (MacIntyre et al. 2009; Williamson et al. 2009b;
Rimmer et al. 2011). The main reason for increased ther-
mal stability is typically a rise in surface water tempera-
tures and a concomitant decrease or constancy in
hypolimnetic temperatures, known as the vertical temper-
ature gradient (Livingstone, 2003). Significantly, long-
term changes in lake thermal structure may in the future
be responsible for a shift in mixing regimes, changing nu-
trient and oxygen concentrations and thus also the vertical
distribution and composition of lake biota (Adrian et al.,
2009; Braig et al., 2010; Rempfer et al., 2010). Jankowski
et al. (2006), for example, detected strong hypolimnetic
oxygen depletion associated with an extremely high de-
gree of thermal stability. As a result of increasing thermal
stability, a greater quantity of energy derived from exter-
nal forces will then be required to initialise complete mix-
ing (Ambrosetti et al., 2010). Ammersee is predicted to
be affected by a combination of lower heat content in the
deeper layers and changes to the timing and duration of
thermal stratification. According to a comparison of the
projected stratification behaviour of the lake for the sim-
ulated period 2041-2050 with observed duration data
recorded in 1985-2007, stratification is expected to occur
earlier in spring and to last longer through autumn (Tab.
4, Fig. 3). A similar increase in the duration of stratifica-
tion and reduced duration of winter mixing has also been
detected elsewhere (Austin and Colman, 2008; Gaiser et
al., 2009; MacKay et al., 2009; Rempfer et al., 2010). Al-
though the simulated maximum duration of stratification
at Ammersee was 204 days, no persistent lack of mixing
was projected for the period 2041 to 2050. Thus, the lake
is estimated to remain dimictic, with complete mixing in
autumn and spring and the occurrence of an inverse strat-
ification in winter. Hence, no long-term increase in hy-
polimnetic water temperatures is visible. This result is
different to that of Danis et al. (2004), who predicted an
absence of mixing at Ammersee, which would irreversibly
destroy deepwater fauna, occurring from the year 2020.
The increase in stratification duration simulated in the
present study approximately matches that of Livingstone
(2003), who calculated an extension of 2 to 3 weeks.
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Other studies have also predicted long-term variation
in thermocline depth as a result of changes in the water
column density gradient, e.g. Adrian et al. (2009). Since
the hydrodynamic model DYRESM satisfactorily repro-
duces the variability of water temperature profiles and
seasonal thermocline, and also successfully models the
metalimnion boundary (Perroud et al., 2009), it was de-
cided in the present study to determine the extent of pos-
sible changes in thermocline and metalimnion depth (Fig.
4). The predicted future reduction in summer epilimnion
thickness by Gaiser et al. (2009) and Rimmer et al. (2011)
is in agreement with the modelling results presented here,
simulating a decrease in the depth of the upper border of
the metalimnion from May to September. In addition, our
model results show a deepening of the thermocline from
May to October. The limno-physical reasons for that are
convective cooling and stronger vertical mixing, which
are caused by increased wind speed. More precisely, the
surface water temperatures and the thermal stability in au-
tumn decrease and there is sufficient wind to initialise a
vertical mixing of the water column. This was also de-
tected by Livingstone (2003), who observed the deepest
annual position of the thermocline in autumn. The mean
thickness of the metalimnion in the present study was sim-
ulated to increase for the entire May to October period in
the future (2041-2050), a pattern which contrasts with the
findings of Rimmer et al. (2011) who observed a decrease
in metalimnion thickness between 1969 and 2008. The
mean depth of the thermocline at Ammersee could in the
future be situated above its historically-recorded vertical
May-June position. This change could be due to increased
heat input into the lake, as previously mentioned by
Tanentzap et al. (2007) and as predicted in a number of
regional climate models. However, the vertical position
of the thermocline in July is projected to remain constant,
a result similar to that of Robertson and Ragotzkie (1990),
who simulated both no change in thermocline depth dur-
ing midsummer and a shallower position in autumn. This
latter prediction was also determined in the present study,
with mean thermocline depth projected to increase be-
tween the beginnings of August to October with respect
to observed data (1985-2007).
In this paper, it was also possible to show that the
modelled physical properties of the lake are sensitive to a
10% change in light extinction coefficient (LEC) of the
water. Our findings, that higher LEC results in increasing
modelled surface water temperatures in spring and sum-
mer as well as in decreasing water temperatures in the
metalimnion and hypolimnion (below 10 m) for the same
period, are in line with the results of previous studies. In
general it can be said that the LEC is known to affect the
vertical distribution of heat in the water column
(Tanentzap et al., 2008; Rinke et al., 2010). Also the lower
heat content of the whole lake (Fig. 5) and the stronger
stratification of the water column with increasing LEC
were already detected in aforementioned studies. Since
LEC describes water transparency, which is subject to
ecological conditions in the lake, the physical properties
of lakes are not only the basis to simulate ecological con-
ditions, but also are affected by changes in the trophic
state of the water body.
CONCLUSIONS
The coupling of regional climate and hydrodynamic
models enables forward-looking statements to be made re-
garding the limnological impact of climate change. Al-
though the results obtained via this method are of course
just estimations, such coupling remains yet the only avail-
able tool with which to assess the aforementioned effects.
In the present study, it was possible to elucidate a wide
range of limno-physical consequences that can be investi-
gated by the use of these models, with a concrete examina-
tion made of an important mid-European, comparatively
large fresh water body. Evaluation of the relevant literature
reveals that the impact of a changing climate on the lake’s
hypolimnetic heat content is particularly contested and
should thus be explored further using new modelling tech-
niques. In our opinion and according to the presented sim-
ulation results, the hypolimnetic heat content of Ammersee
will experience a clear decrease in the future due to higher
thermal stability in the water column. Anyhow, we estimate
that the mixing type of Ammersee will remain dimictic. Ad-
ditionally, it is essential that further limnological research
is conducted to assess the impact of changes in ice cover
as well as to allow a coupling of the hydrodynamic model
with an ecological model of the lake. It is therefore also ad-
visable to conduct and assess carefully calibrated and val-
idated limno-physical modelling. The present study
represents a sound basis for such modelling, with the em-
ployed methods recommendable for other members of the
lake ecosystem modelling community (Mooij et al., 2010). 
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